Detailed sedimentology of the Neogene foreland basin deposits is investigated and classified into 11 lithofacies associations with respect to their paleo-sedimentary environments. The foreland deposits reveal a single coarsening-upward megasequence with continuous passage from back-bulge to forebulge, foredeep, and wedge-top sedimentary environments. The Gachsaran deposits form the base of the foreland strata and consist mainly of three different lithofacies associations including fluvial, marine, and sabkha deposits in the eastern Zagros in Fars, and are typically dominated with evaporites toward the west in the Dezful and Kirkuk embayments. The Mishan Formation has three different shallow-marine lithofacies associations in a vertical succession representing foredeep deposits in the eastern Zagros, which tapers toward the Dezful embayment and disappears in Iraq. The Agha Jari distal wedge-top deposits also contain three different lithofacies associations including delta deposits mostly in the Fars, tidal flat deposits in Dezful and Mesopotamia basin, and continental fluvial deposits across the entire Zagros. The uppermost synorogenic Bakhtiari Formation represents proximal wedge-top deposits and consists mainly of two main lithofacies associations including shallow marine and fluvial deposits, within which the fluvial succession is divided into three sub-lithofacies associations with respect to distance from the mountain front and hydraulic power of the river networks. Synthetizing sedimentary facies association with age constraints of the old foreland deposits near the Zagros suture in the High Zagros area suggests that a considerable part of the Arabian plate has been removed at the northern edge by underthrusting and erosion. Moreover, preservation of the young distal foreland deposits near the suture in the western Zagros implies that the magnitude and rate of removal of the proximal foreland deposits have been inconstant along-strike the belt and decreases toward the east.
Introduction
The Zagros fold-and-thrust belt extends more than ca. 2000 km between Strait of Hormuz and the eastern coast of the Mediterranean Sea (Fig. 1) . The Neogene foreland sediments with 1-6 km thickness form at least one-third of the total sedimentary cover of the Arabian crystalline basement in the Zagros fold-and-thrust belt ( Fig. 2 ) (Abdollahie Fard et al. 2006; Alavi 2004; James and Wynd 1965; Motiei 1993 ). This significant part of the stratigraphy of the Zagros fold-and-thrust belt developed in epicontinental and foreland basin settings (Alavi 2004; Heydari 2008) . The Neogene deposits show large variations in lithology, age, and geometry in the Iranian Zagros compared with the Iraqi Zagros and other neighbouring regions. Similar to other foreland basin settings such as Himalaya (e.g., Mukherjee
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1 3 et al. 2015) and Alps (e.g., Schlunegger et al. 1997; Sinclair and Allen 1992) , these deposits are diachronous and have evolved during progressive southward migration of the Zagros wedge since the Late Oligocene (Farzipour-Saein et al. 2009; Pirouz et al. 2015) . They have frequently been referred to as foreland deposits (e.g., Alavi 2004; Fakhari et al. 2008; Mouthereau et al. 2012) , while little information has been presented on sedimentology, stratigraphic architecture and sedimentary depozones in the foreland basin context in contrast to the well-documented Himalayas, Alps and Pyrenees (e.g., Burbank et al. 1996; DeCelles et al. 1998; Sinclair and Allen 1992; Vergés et al. 1998; Yin and Harrison 2000) . This is unfortunate, because the Neogene deposits related to the Zagros orogen constitute an exceptionally well-exposed diachronous sedimentary succession that records the dynamic shaping of the landscape with evolving climate and tectonics. This study reviews sedimentology, depositional architecture, and evolution of the Zagros foreland deposits. Total of 11 main lithofacies associations have been identified on the basis of facies association and paleosedimentary environment in the foreland deposits in Iran, where sedimentary environments have been the most diverse during the Neogene (Fig. 3) . Study of the Neogene deposits in the Zagros is important for illustrating subsidence history and tempo-spatial evolution of the basin in response to the migrating deformation wedge. Although the Neogene deposits do not include any major oil and gas reservoirs, but the Guri limestone unit in the marine foredeep deposits is af, Afrineh (Emami 2008) , aj Agha Jari, ah Ahmadi, cg Chaman Goli (Emami 2008) , cm Chahar Makan (Khadivi et al. 2010) , cn Changuleh (Homke et al. 2004) , dm Dehmoord, qm Qeshm, gt Gotvand, ht Haftkel, kf Kaftar, kk Kaharak, md Mond, mg Moshtagh, ms Masjed Solyman, nk Nakh, sh Shalamzar, sp Sepidar, tb Tabnak, vv Varavi, zn Zarinabad (Homke et al. 2004) James and Wynd (1965) . Contacts, distribution, and the age of the formations have been modified by Pirouz et al. (2015) now being considered as new hydrocarbon reservoirs in the eastern Zagros (e.g., Kashfi 1982) . In addition, the base of the foreland deposits (Gachsaran Formation) acts as a cap rock over the Asmari reservoir rocks in a large area of the Zagros (e.g., Bahroudi and Koyi 2004) .
Fig. 2 Traditional lithostratigraphic chart proposed by
A new detailed age compilation and a tempo-spatial link between Neogene sedimentary environments and flexural evolution of the Arabia are investigated in this study. Distribution of the old foreland basin deposits along-strike of the Zagros suture is examined to estimate (1) how much of the northern part of the Arabian plate has been vanished by underthrusting and/or erosion and (2) how the magnitude of the underthrusting varies along-strike the orogen. In this study, I illustrate how the architecture and distribution of distal and proximal foreland basin deposits can let us understand better the nature and quantity of the plate underthrusting. This method shows better results compared with the structurally restored cross sections as a representative for the size of the crustal shortening.
Geological and structural settings of the Zagros basin
The Zagros fold-and-thrust belt and the stable Arabian platform were part of Gondwana during the early Paleozoic (e.g., Berberian and King 1981; Sepehr and Cosgrove 2004; Stocklin 1968) Pirouz et al. 2017b ). The Zagros fold-and-thrust belt currently undergoes shortening at a rate of ca. 11 ± 2 mm/year, which accommodates about half of the 25 ± 2 mm/year convergence between Arabia and Eurasia (e.g., Masson et al. 2005) , and experiences minimum regional uplift of 1 mm/ year since the Early Pliocene (Hessami et al. 2006; Tatar et al. 2002) .
The modern Zagros orogen can be divided into three distinct tectonic units which are the Urumieh-Dokhtar Cenozoic magmatic arc, the Sanandaj-Sirjan Mesozoic magmatic arc on the Eurasian plate (Hassanzadeh and Wernicke 2016) , and the sedimentary Zagros basin over Arabia. The Zagros sedimentary basin can be individually divided into four main structural units (Berberian 1995) , including the high Zagros or imbricated zone, the simply folded belt, the Dezful and Kirkuk embayments, and the Mesopotamia-Persian Gulf foredeep (Fig. 1) . The high Zagros imbricated zone includes high angle reverse faults, overturned structures and tight folds. This zone is bordered by the Main Zagros Reverse Fault (MZRF) or the Zagros suture to the north and the High Zagros fault (HZF) to the south. The simply folded belt, the Dezful and Kirkuk embayments are located to the south of the HZF. The simply folded belt is separated from the Dezful and Kirkuk embayments by the Zagros Mountain Frontal Fault (ZMFF). The Zagros Foredeep Fault (ZFF) separates undeformed Mesopotamia and Persian Gulf foredeep to the south from the deformed Zagros (Berberian 1995) (Fig. 1) .
Sedimentological description of the Neogene deposits

Gachsaran lithofacies associations
The ductile Gachsaran Formation (Fatha or lower Fars in Iraq) separates the Neogene shallow marine and non-marine foreland deposits from the Oligocene carbonate formations (e.g., Jassim and Goff 2006; Motiei 1993) (Fig. 2) James and Wynd 1965; Kashfi 1980; Motiei 1993) . The Gachsaran Formation has two lateral equivalents across the Zagros fold-and-thrust belt. They include the Razak Formation toward the north, especially in the interior Fars, and the Chel, Champeh, and Mol Members farther to the south (James and Wynd 1965; Kashfi 1980; Motiei 1993 ). The Razak is a clastic formation and includes a basal conglomerate followed by red mudstone and sandstone beds. The Chel and Champeh Members are anhydrite and carbonate, respectively. The Mol Member includes red and green marls and is equivalent of the upper part of the Razak Formation (Motiei 1993) .
Observations from regionally distributed measured stratigraphic sections of the Gachsaran Formation suggest three main lithofacies associations (Fig. 4a) . The oldest lithofacies association is GS HZ (High Zagros) which includes the detrital Razak Formation and the Mol Member, and has the largest distribution in the eastern sector of Iranian Zagros. It is located largely in the hanging wall of the High Zagros Fault. This lithofacies association is divided into two sublithofacies association. The GS HZ1 lithofacies association consists of medium-bedded, well-cemented, well-sorted, sheet-like pebble conglomerates with thin limestone and sandstone beds. The GS HZ1 primarily consists of matrix supported conglomerate and includes medium-to-well-rounded coarse grains with medium-to-high sphericity ( Figure S1a) (James and Wynd 1965) . RZ Razak, ML Mol, CH Champeh, CL Chehel, GS Gachsaran, GH HZ1 lowermudstones and sandstones, gypsum, and thin silty limestones ( Figure S1b ). Sandstone are well-sorted, and sub-rounded at the base. The maturity, sorting, and roundness of grains decrease upsection. (Motiei 1993; Sharland et al. 2004 ). This lithofacies association is more resistant compared to the underlying and overlaying units ( Figure S1c ). Figure  S1d ) (Alsharhan and Nairn 1997; Bahroudi and Koyi 2004; James and Wynd 1965; Motiei 1993; Setudehnia 1972) . The thin limestone and green mudstone beds of the GS ZB contain predominantly brackish-water micro-fauna.
Mishan lithofacies associations
The Mishan Formation consists of about 50-1600 m of green and grey marls with intercalations of oyster beds and limestone. It is best developed in the eastern Zagros in the Fars Arc and the Persian Gulf, and thins in the western side of the Qatar-Kazerun lineament in the Dezful embayment (James and Wynd 1965; Kashfi 1980; Motiei 1993; Setudehnia 1972) , and is absent in Iraq and south of the Persian Gulf (Jassim and Goff 2006; Sharland et al. 2004 
Agha Jari lithofacies associations
The Agha Jari Formation (Upper Fars or Injana Formation in Iraq) is made of red mudstone and sandstone beds (e.g., Jassim and Goff 2006; Motiei 1993) . The thickness of the formation changes from several 100-3000 m in the Dezful embayment, and decreases toward the south and eastern Zagros (Al-Juboury 2009; Alavi 2004; Favre 1974; James and Wynd 1965; Motiei 1993) . This lithofacies association includes marine and evaporitic interbeds in the distal part of the Fars region. The geometry of sandstone beds is sheet-like at the base and lenticular at the top. The upper part of the Agha Jari Formation is known as Lahbari Member which is typically a few 100 m thick. This member is more abundant in the footwall of the Zagros Mountain Frontal Fault in the Dezful embayment (James and Wynd 1965; Motiei 1993) .
Observations from the regionally distributed measured stratigraphic sections suggest that the Agha Jari Formation has three main lithofacies associations [AJ DE (Dezful Embayment), AJ FA (Fars Arc), and AJ ZB (Zagros Basin) ] (Fig. 4c) . The AJ DE and AJ FA lithofacies associations form the lower part of the Agha Jari Formation. The AJ DE contains thin sheet-like sandstones within red and green mudstones. The sandstone bodies are parallel-laminated and laterally extensive over hundreds of meters ( Figure S3a ). The red silty mudstones are less than 10 m thick and display mottled textures and mud cracks. The AJ FA contains a repetition of thick greento-grey marls, homogeneous grey silty marls, and sandstone beds (Figures S3f). The geometry of sandstone bodies varies upsection from sheet-like to lenticular. The AJ DE has mainly large outcrops in the western part of the Zagros foreland basin in the Lorestan and Dezful regions and AJ FA in the Fars Arc. The third lithofacies association is the AJ ZB and contains ca. 1800 m of sheet-like and lenticular sandstones and red mudstones ( Figure S4a ). The sandstone bodies are thick, sometimes thicker than 30 m, and their geometry is sheet-like and lenticular (Figure S4g, h) . Abundance of the concave-up lenticular bodies increases upsection. The sandstones are well-sorted with low sphericity sub-rounded grains which are mainly carbonate and lithic fragments. The maturity, sorting, and rounding of grains decrease upsection. Detail sedimentological observation is presented in the supplementary material.
Bakhtiari lithofacies associations
The Bakhtiari Formation is the uppermost synorogenic unit in the Zagros foreland basin with lower contact being either erosional or transitional. This formation contains coarsening-upward polymictic conglomerates with sandstone and red mudstone interbeds (Fakhari et al. 2008; James and Wynd 1965; Pilgrim 1908) . The thickness of the Bakhtiari Formation varies between several meters and 2400 m, and decreases toward the south. This formation is divided into lower Bakhtiari (Mukdadiya) and upper Bakhtiari (BaiHasan) Formations in Iraq (Jassim and Goff 2006) . The Bakhtiari Formation is divided into two main lithofacies associations including BK HZ (High Zagros) and BK ZB (Zagros Basin) (Fig. 4d) . The BK HZ has numerous elongate outcrops in the footwall of the Main Zagros Reverse Fault in the High Zagros region (Evers et al. 1977; Fakhari et al. 2008) , and the BK ZB exists all over the Zagros fold-and-thrust belt (Fakhari et al. 2008; James and Wynd 1965; Pilgrim 1908) . The BK ZB lithofacies association is sub-divided into three sub-lithofacies associations (BK ZB1 -BK ZB2 -BK ZB3 ) in the Zagros basin (Fig. 4d) .
The BK HZ comprises ca. 50 m thick, grey marl, coralline limestone, and fossil-rich calcareous beds that change laterally into rubbly and reefal limestone ( Figure S4a-c) . This lithofacies association outcrops in the Shalamzar section, south of Shahr-e-Kord ( Fig. 1) (Fakhari et al. 2008; Pirouz et al. 2017b ). The BK ZB1 lithofacies association is several 100 m thick, and generally occurs in the footwall of the Main Zagros Frontal Fault. It consists of massive-weakly bedded, well-cemented, medium-sorted, sheet-like conglomerates of cobble and pebble grade ( Figure S4d ). It is grain-supported and contains well-rounded coarse grains with high sphericity. Clasts are extraformational, derived mainly from the Mesozoic carbonates, radiolarian cherts, and ophiolites in the High Zagros. The BK ZB1 displays medium-developed imbrications and an erosive surface at the base. This lithofacies association is well developed toward the west in the Dezful region. The BK ZB2 sub-lithofacies association comprises interbedded conglomerates, sandstones, and red silty mudstones ( Figure S4e ). The BK ZB2 sub-lithofacies association is a massive, poorly sorted, weakly cemented, generally clast-supported conglomerates and breccias with brownish silty matrix ( Figure S4f ). The BK ZB3 sub-lithofacies association includes random lenticular sandstone and mudstone interbeds ( Figure S4g, h ). These deposits have a fan-shape geometry and are located at the mouth of the valleys all over the Fold-and-thrust belt. Detail sedimentology is presented in the supplementary material.
Discussion
Depositional interpretation of the foreland deposits
The Gachsaran formation environments
In-situ fauna within the limestone units along with sheetlike, well-cemented, matrix-supported conglomerates suggests that the GS HZ1 lithofacies association was deposited in a marine environment which received a large sediment supply with continental source. The well-rounded and wellsorted grains of the GS HZ1 lithofacies association suggest extensive reworking by continuous currents and long distance of transport (Fig. 5a) . The cross-bedded lenticular sandstone bodies and red mudstone units of the GS HZ2 suggest a fluvial depositional environment. In addition, the presence of green marls and limestone interbeds mostly at the base with fauna suggest that the fluvial environments were sometimes dominated by marine or lake environment. The sandstone bodies are interpreted to be deposited as channels, levees, or bars. The red mudstone units possibly represent overbank deposits beyond or between river channels. The sedimentary environment of the GS HZ2 lithofacies association is interpreted to be a meandering (probably high sinuosity) fluvial river system in a coastal and delta plain at the base (Fig. 5b) and mixed meandering-braided river systems upsection. This lithofacies association has formed in the wedge-top foreland.
The fossil-rich carbonate units suggest a marine environment for the GS FA lithofacies association. The fossil assemblage represents a shallow open marine environment. Association of evaporates and carbonates suggests a mixed evaporite-carbonate sedimentary system for the GS FA lithofacies association (Fig. 5c ). This lithofacies association has formed in the forebulge ramp and foredeep of the foreland.
The lithology and faunal data of the GS ZB imply a shallow-marine-to-brackish-water depositional environment. The GS ZB lithofacies association has formed in a region with little net inflow and high evaporation. The thick anhydrite and evaporite units of the GS ZB lithofacies association indicate a dominant coastal sabkha and supratidal environments (Fig. 5c) . The green marl and thin limestone interbeds with micro-fauna imply that the sabkha and supratidal environments of the GS ZB were occasionally replaced by short-lived shallow open marine environment. The presence of plant debris suggests an influx from a nearby continental area (Alsharhan and Nairn 1997) . This lithofacies association has formed in the back-bulge and sometimes in the forebulge when the sea level was down. 
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Mishan environments
The presence of several meters of evaporitic interbed units of the MN L suggests a hot and dry climate, and high rates of evaporation relative to water influx. The red mudstone interbeds, remnant sedimentary structures, and cross-bedded sandstones probably represent a fluvial system and/or very shallow marine. Moreover, the presence of benthic micro-fauna assemblages indicates a shallow-marine depositional environment for the green marls and limestone interbeds. The repetition of different lithofacies implies variation in the sedimentary environment between fluvial, restricted, and shallow marine. Therefore, the depositional environment of the MN L is a lagoon or similar restricted environments which was occasionally switched to sabkha and supratidal environments (Pirouz et al. 2011) over the forebulge or back-bulge of the foreland system. The frequency and thickness of the green marl units, in the upper part of the MN L , show that the shallow-marine condition had been stabilizing during deposition of the MN L lithofacies association (Fig. 6) .
The presence of the biohermal massive limestone shows that the MN M was deposited in a fully marine environment. The assemblage of benthic foraminifera, calcareous algae, bryozoans, and gastropods suggests open marine conditions. The presence of algae and high amounts of bioclastic grains implies shallow euphotic zone. The MN M lithofacies association is interpreted to have been deposited in a carbonate ramp environment (Fig. 6) .
The massive-to-thick-bedded, green, fine-grained marl, and oyster interbeds suggest shallow open marine depositional environment in the foredeep. The MN U lithofacies association is interpreted to be deposited in a deeper part of the foredeep in the same carbonate system as the MN M (Fig. 6) .
Agha Jari environments
The presence of unidirectional flow marker, asymmetric ripple mark, load cast, mud crack, and oxidized plant debris suggest a fluvial depositional environment for the AJ DE lithofacies association. The frequent horizontal and vertical bioturbations imply life friendly environment. The ripple cross lamination and flaser structures are indicative of concurrent erosion and deposition in tidal flat and delta front environments. The presence of the green marl beds with fauna suggests marine influence. Therefore, the AJ DE is interpreted to be deposited in low-energy, large tidal mud flat of an estuarine environment. This lithofacies association is mainly observed in the western part of the Neogene Zagros foreland basin in the Dezful embayment (Fig. 7a) .
The barren green-to-grey marl and sandstone interbeds represent an intermediate environment for the AJ FA lithofacies association. This lithofacies association marks the transition from fully marine low-energy environment at the base (MN U ) to high-energy sub-aerial condition (AJ ZB ) at the top, and displays characteristics of a deltaic environment. Green-to-grey mudstones of the AJ FA specify a prodelta environment, and its sandstone bodies resemble delta mouth bar deposits (Fig. 7b) .
Cross-bedded sandstones with erosive base and remnants of sedimentary structures of the AJ ZB present channel deposits, levee, and point bars (Fig. 7c) . Thin-laminated sandstone beds with climbing ripples and contorted sedimentary structures are interpreted to be deposited in crevasse splays environments (Fig. 7c) . Generalities of such deposits have been modelled by Einsele (2013) . Mottled red silty mudstones with calcareous nodules are interpreted as adjacent overbank deposits in floodplains (Galloway 1989; Schumm 1981) .
Migration of meandering river systems generates linear, river parallel 'shoestring' sand bodies. These shoestring sand bodies are surrounded by finer grained deposits of overbank floodplain sediments. Periodic stream avulsion may create new channels over time, leading to form several linear sand bodies within a main stream valley (Boggs 2006) . Physical properties and sedimentary features of the AJ ZB lithofacies association suggest that it has formed in a laterally migrating, high sinuosity meandering sandy river system developed on a flat extensive foreland plain in distal wedge-top (Fig. 7c) . The architecture of concave-up lenticular sandstone bodies in the upper part of AJ ZB shows that they are deposited in a less migrating and low sinuosity meandering river with frequent avulsion (Fig. 7c) . The short and thick sandstone lenticular bodies indicate less lateral migration, high rate of vertical aggradation, abundant sediment supply of suspended load, associated with substantial subsidence.
Bakhtiari environments
The presence of in-situ corals, coralline algae, small gastropods, and pelecypods of the BK HZ lithofacies association suggests a shallow euphotic foredeep depositional environment (Fig. 8a) . The associated thick conglomerates indicate that the marine depocenter was not too far from the erosional coast, or could be resulted from local base-level changes.
The sheet-like, medium-sorted, clast-supported conglomerates with imbricated grains and erosive bases suggest that the BK ZB1 lithofacies association was deposited in a fluvial system. The grain-supported fabric and well-rounded grains can indicate extensive reworking by continuous currents. Clast-supported texture and well-rounded grains suggest a long-distance transport. The sedimentary environment of the BK ZB1 is interpreted to have been stream channels, low sinuosity braided rivers that migrated on the fan surface over time and created gravel-dominated flood plains in the wedge-top (Fig. 8b) . These extensive sheet-like deposits were formed by the amalgamation of smaller fans related to individual river systems draining the uplifting Zagros Mountains.
The graded-bedded conglomerate and sandstone bodies with erosional bases and imbrication fabrics suggest that the BK ZB2 was deposited in a fluvial depositional system. The lenticular conglomerate and sandstone units were deposited in river channels, and the silty mudstones formed on adjacent flood plains. Cross-bedded structures within conglomerates and sandstones indicate lateral migration of the fluvial depositional system over time. Repetition of fining-upward small cycles suggests cyclic powerful floods with coarse bed load during heavy rains. Therefore, the BK ZB2 sub-lithofacies association is interpreted to be deposited between fan deltas and flat plains, where the braided and meandering river systems can easily switch from one form to the other because of variation of the hydraulic power of the transportation system (Fig. 8b) .
Sub-angular grains, poorly sorted, weakly cemented monomictic conglomerates and breccias support that the BK ZB3 lithofacies association was deposited by flash floods in an ephemeral fluvial system at the mouth of the valleys in wedge-top, and or in a proximal steep alluvial fan (Fig. 8c) .
Time constraints of the foreland deposits
Magnetostratigraphic studies display that GS HZ lithofacies association (Razak formation) has an age of 21.5 Ma at the base and 20 Ma on the top, nearby the suture in the Neyriz area in the eastern Zagros (Pirouz et al. 2017b), and 19.7-16.6 Ma about 100 km south of the suture in Shiraz (Khadivi et al. 2010) , Chahar Makan section (Fig. 1) . To the west, in the Dezful embayment, strontium isotope stratigraphy shows that the GS ZB has an age of 18.5 Ma at the base and 16.75 Ma on the top in the Masjed Solyman and Asmari anticlines (Buchem et al. 2010; Ehrenberg et al. 2007; Pirouz et al. 2016) , while farther to the west in Ilam the age of base of the GS ZB is about 15.5 Ma (Homke et al. 2009; Saura et al. 2011) , and its top is 14 Ma in Afrineh and 12 Ma in the Zarinabad structures based on magnetostratigraphic data (Fig. 9) (Emami 2008; Homke et al. 2004 ) and 15.5 Ma for its base. Farther toward the west in Iraq, the Fatha Formation (equivalent of GS ZB ) has variable ages of 18.5-15.6 Ma (Sharland et al. 2004 ) and 15-11 Ma (Jassim and Goff 2006) . James and Wynd (1965) proposed Middle Miocene age for the Mishan Formation based upon the assemblage of the existing fauna. Nevertheless, magnetostratigraphic studies and strontium isotope ratios show that the Mishan Formation is extremely diachronous and has a wide age range between 20 and 1.5 Ma (Pirouz et al. 2017b (Pirouz et al. , 2015 . The oldest Mishan strata crop out near the suture in the eastern Zagros, from the Neyriz area to the Zagros syntaxis. In the Neyriz area, the MN M limestone unit is 5-10 m thick and has an age of 20 Ma, and the top of the MN U yields an age of 18.5 Ma in the Dehmoord section (Fig. 9 ) (Pirouz et al. 2017b) . The thickness of the Mishan lithofacies association increases toward the south and gets younger. The top of the Mishan Formation has an age of 4.5 Ma in coastal region near the Strait of Hormuz, and 1.5 Ma in the Qeshm Island (Fig. 9 ) (Pirouz et al. 2015) . Magnetostratigraphic studies show that the Agha Jari lithofacies association involves ages from 18.5 to 16.5 Ma in the proximal eastern Zagros in the Neyriz area (Pirouz et al. 2017b) , and 16-9 Ma in the proximal western Zagros in Lorestan and Izeh regions (Emami 2008; Homke et al. 2004; Khadivi et al. 2010; Mouthereau 2011) . The Agha Jari is also a diachronous lithofacies association and shows ages between 6 and 3 Ma in the simply folded belt in Gol Gol anticline in Fars (Ruh et al. 2014) , and between 8.5 and 3 Ma at Changuleh anticline in distal Lorestan (Homke et al. 2004) (Fig. 1) .
Biostratigraphic ages of the marine Bakhtiari formation along the Shalamzar section indicate late Oligocene-to-early Miocene time of deposition for this lithofacies association (Fakhari et al. 2008) . Moreover, magnetostratigraphic studies show that the marine lithofacies association of the Bakhtiari Formation in this area of the High Zagros (BK HZ ) has an age bracket of 23.5-21.5 Ma (Pirouz et al. 2017b ). Similar to the other foreland deposits, this lithofacies association is also diachronous, and its fluvial units (BK ZB ) has an age of 17-16 Ma in Neyriz in the eastern Zagros, 14.8-13.9 Ma in the Shiraz area in Fars (Khadivi et al. 2010; Pirouz et al. 2017b) , and 3 Ma at its base in distal Lorestan and Central Fars (Fig. 9) (Homke et al. 2004; Ruh et al. 2014) .
Sequence stratigraphy in the foreland context
The new classification of the Neogene lithofacies associations (Fig. 3) on the basis of paleo-sedimentary environments enables us to understand how sedimentary environments evolved through time in the Zagros foreland basin (Fig. 10) . In the following, we examine the foreland basin rock units from oldest to youngest. They show a mega coarsening-upward succession similar to Himalayan (e.g., Mukherjee et al. 2015) and Alpine foreland systems (Föllmi et al. 2013; Sinclair 1997) . The clastic lithofacies association of the Gachsaran (GS HZ ) developed in the proximal High Zagros, the carbonate units (GS FA ) occurred mostly in the simply folded belt in the Fars Arc, and the evaporitic lithofacies associations (GS ZB ) in farther distal foredeep, or proximal forebulge, of the foreland system. In the High Zagros region, the fluvial Razak (GS HZ ) transgressively changes to either the Agha Jari (AJ ZB ) fluvial system, or the Mishan shallow-marine environment. Toward the south, in the distal foreland, the sabkha and supratidal environments of the Gachsaran are transitionally replaced by the Mishan shallow open marine foredeep. The Mishan marine environments are best developed in the eastern Zagros basin, and tapers toward the western Zagros. This marine environment is generally replaced by the Agha Jari fluvial environment characterized by high sinuosity meandering river system deposits at the base, followed by low sinuosity fluvial deposits upsection. In its advanced stage, this fluvial sedimentary environment evolved into the Bakhtiari massive braided fluvial depositional system.
The lateral variation of the Gachsaran members displays different sedimentary environments which one would expect to develop across a foreland from fluvial system (i.e., Razak Formation, GS HZ ) to marine foredeep-forebulge (i.e., Champeh Member, GS FA ), and back-bulge (i.e., Chel Member, GS ZB ). Each of the sedimentary environments of the Gachsaran has evolved into a younger large lithofacies succession over the time. The Razak detrital environment is replaced by the Agha Jari and Bakhtiari fluvial deposited in wedge-top, the Champeh marine deposits evolved into the Mishan marine foredeep deposits through two transgressions, and the Chel evaporites were extended over time in the distal Zagros particularly in the western Zagros, where it is fully dominated by the evaporites of the Gachsaran Formation. Figure 10 shows a schematic cross section of the flexure of the northern margin of the Arabian plate with four main sedimentary domains: (1) the Zagros distal wedge-top (i.e., Dezful embayment) with gentle topography, subsurface deformation and blind faults; (2) the Mesopotamia-Persian Gulf foredeep, either under-filled shallow marine (i.e., Persian Gulf) or over-filled plain (i.e., Mesopotamian basin); (3) the Zagros forebulge, with axis matching the southern coastline of the Persian Gulf (Pirouz et al. 2017a) , and the modern Zagros carbonate ramp which extends on the northern flank of the forebulge in the eastern Persian Gulf; and (4) the back-bulge, occupied by the sabkha and supratidal environment toward the south. Similar to distribution of paleoenvironments in an idealized cross section of a foreland basin, the Bakhtiari and Agha Jari fluvial lithofacies successions were deposited in the proximal and distal part of the Zagros wedge. The Mishan shallow open marine formed in the eastern foredeep, while the Agha Jari fluvial deposits still dominated and over-filled the distal basin in Mesopotamia. The Gachsaran sabkha and supratidal environments were developed in the extreme southern part of the foreland either in the back-bulge or forebulge when the global sea level had dropped (Fig. 11) .
Landscape evolution
Occurrence of the extensive progressive fluvial deposits in a foreland basin indicates formation of topographic relief, broad uplift of the wedge due to continent-continent collision, and development of an advanced drainage system. The evolving landscape in such dynamic systems involves more than just surface processes such as sedimentary reworking, and includes tectonic destruction. The widespread GS HZ (Razak Formation) in the Fars region with basal age of 21.5 Ma in the Dehmoord section, 19.5 Ma in the Chahar Makan section, and 17.5 Ma in the Sepidar section (Fig. 12) implies fast sedimentological facies migration with propagation rate of ca. 200 m/Myear (Pirouz et al. 2015) . These observations suggest that the advanced topographic relief was already well developed in the Fars area prior to 21.5 Ma in the eastern Zagros. The abovementioned Razak progressive fluvial system tract is followed by the Mishan transgressive system between 16.5 and 8 Ma in an extensive area of the Fars Arc. This transgressive system tract resulted from increased topographic relief, crustal thickening, and increasing of the amplitude of the deflection due to dominance of accommodation space over sediment supply (Pirouz et al. 2016) . The second phase of fluvial progressive system tract (i.e., Bakhtiari and Agha Jari) formed after 8 Ma with rapid facies migration rate of > 300 m/Myear (Pirouz et al. 2015) , followed by another transgressive system tract about 2 Ma (Pirouz et al. 2016) .
In contract to the eastern Zagros, the foreland strata in the west emphasize that the Asmari carbonate basin vanished at 29 Ma near the suture, while it persisted until 18.5 Ma between the Izeh and Asmari anticlines, ca. 100 km south of the suture (Fig. 12) . The Asmari carbonates were uncomfortably covered by ca. 26 Ma old fluvial Razak in the north, and were abruptly replaced by the Gachsaran evaporites (GS ZB ) in an extensive area in the western Zagros, either transitionally or non-transitionally, with short hiatus (≤ 1 Ma) about 18 Ma shown by strontium isotope stratigraphy data (Ehrenberg et al. 2007; Pirouz et al. 2016; Van Buchem et al. 2010) . The sabkha and supratidal environment of the Gachsaran lasted for 3 Myear until 15.5 Ma, scarcely followed by ca. 2 Myear of the Mishan deposition with rate of < 100 m/ Myear (Pirouz et al. 2016 ). Yet, at about 13.5 Ma, an enormous fluvial progressive system started developing above the Mishan and Gachsaran Formations with fast progressive rate up to > 300 m/Myear (Pirouz et al. 2016 ). This observation potentially suggests lack of major topographic relief and/or long distance for sediment transportation system prior to 13.5 Ma. Contrarily, in the eastern sector, the Bakhtiari and Agha Jari Formations have been deposited before 16 Ma and were already engaged in the regional uplifted wedge-top (Pirouz et al. 2017b) .
Well-rounded radiolarian chert gravels in the base of the Razak Formation (GS HZ1 ) in the eastern Zagros confirms long transport in a permanent river system with strong hydraulic power. The GS HZ1 lithofacies association (i.e., basal conglomerate of the Razak) is an areally extensive thin unit in the Fars Arc, and its proximal equivalent is not present. This absence is critical and deserves an explanation, because in the case of the younger progressive system tract, the proximal facies, i.e., the Bakhtiari Formation, displays extraordinary manifestation. We propose that the proximal deposits of the Razak progressive system tract of the Zagros must have been underthrust beneath the Eurasia and/or eroded during the collison. Furthermore, the thick fine grain GS HZ2 lithofacies association represents that the preserved GS HZ (Razak Formation) is entirely distal wedgetop deposits. This sedimentological observation is also supported by the flexural wavelength of the Arabian lithosphere. The modern wavelength of the Zagros foreland basin is about 200 km which is assumed to have increased slightly since the collison (Pirouz et al. 2017b) . The presence of the forebulge unconformity between the Arabian passive margin and the foreland deposits near the suture implies that about 200 km of the Arabian deflected lithosphere has tectonically been removed. It is worth noting that the core of the second progressive system tract (i.e., Bakhtiari Formation) is well preserved in the Zagros basin near the suture, while the core of the first progressive system (i.e., proximal Razak Formation) tract has now been removed.
In the western Zagros, although the amplitude of the Zagros deflection increased considerably after 15.5 Ma, recorded by large subsidence in the basin, but it cannot be said that the large topographic relief took shape at that time. This is because the pattern of the Neo-Tethys Ocean closure in Arabia-Eurasia collision zone convincingly shows that the western sector must have closed earlier than the eastern sector, representing former topographic relief in the west prior to the remained progressive fluvial Bakhtiari-Agha Jari system tract. These observations imply that larger erosion and/or underthrusting of the foreland deposits must have taken place beneath the Eurasia resulting exposure of the farfield foreland basin (back-bulge and forebulge) deposits near the modern location of the Zagros suture in the Dezful and Kirkuk embayments (Fig. 12) . Restored structural sections show that the preserved shortening is large in the eastern Zagros compared to the western sector. It is ca. 75 km in the Fars, while it decreases to ca. 50 km in the Dezful embayment and ca. 25 km in the Kirkuk embayment (e.g., Agard et al. 2005; Frehner et al. 2012; Jahani et al. 2009; Koshnaw et al. 2017; McQuarrie 2004; Molinaro et al. 2005; Pirouz et al. 2017a; Sherkati et al. 2006; Vergés et al. 2011; Zebari and Burberry 2015) . However, we expect opposite direction of decreasing persevered shortening due to this fact that continental collision first developed in the west and propagated toward the east. Although there is less preserved shortening in the Arabian incoming plate in the western sector, but a larger portion of the Zagros wedge has been underthrust and/ or eroded. This interpretation makes more sense than developing of the topographic relief after 13.5 Ma in the western sector, which one may conclude solely from sedimentary facies associations and/or from structural geology of the Zagros fold-and-thrust belt. Heavy mineral and provenance studies on the Zagros are largely absent, and further studies are needed for more in-depth investigation of landscape evolution (e.g., see Khadivi et al. 2012 ). environments across the foreland in relation with deformation growth. Neogene strata in the Zagros show evaporitic back-bulge deposits (Gachsaran Formation) at the base, which is overlain by the marine forebulge-foredeep deposits (Mishan Formation) and are stratigraphically followed by distal and proximal wedge-top deposits (Agha Jari and Bakhtiari Formations). The Gachsaran basal foreland deposits has three lithofacies association including proximal fluvial wedge-top deposits, marine foredeep sediments and distal back-bulge evaporites. On top of that, the Mishan Formation has also three different lithofacies association including very shallow-marine sediments with evaporite interbeds at the base overlain by carbonate ramp limestone and shallow-marine (< 100 m deep) sediments. However, the marine Mishan foredeep is absent in Dezful and Kirkuk embayments due to large amounts of continental sediment flux into the basin. The Agha Jari Formation has three lithofacies associations including delta deposits, tidal flat deposits, and continental fluvial deposits across the entire Zagros. The uppermost Bakhtiari Formation represents two main lithofacies associations including shallow marine and fluvial deposits. Synthetizing sedimentary facies association with age constraints enables us to conclude that a considerable part of northern Zagros is removed either by underthrusting and/or erosion. In addition, preservation of the distal fluvial foreland deposits near the suture in the western sector and along-strike variation of the persevered shortening in the Arabian plate imply removal of the western Zagros proximal deposits by the underthrusting and/or erosion. It is considerably inconstant in magnitude and rate along-strike of the orogen. Mapping distribution of the identified lithofacies associations, supplemented with time constraints, guide us to better understanding of how sedimentary environments evolved through the time and migrate in the Zagros basin due to progressive deformation in the adjacent fold-andthrust belts. Assessing the magnitude of post-collisional removal of the proximal foreland deposits and the underlying Arabian plate by underthrusting and or erosion will be an important advancement of this study and its more in-depth evaluation is underway. 
Concluding remarks
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